The objective of this study was to establish a technique to predict the occurrence of algal bloom and the algal-derived taste and odor compounds 2-methylisoborneol (2-MIB) and geosmin using a three-dimensional (3D) model that could reflect the complex physical properties of a shallow reservoir. Water quality, phytoplankton, and taste and odor compounds monitoring was conducted at the Jinyang Reservoir in 2016. In June, there was a potential for a high concentration of 2-MIB (maximum 80 ng/L) to occur owing to the appearance of Pseudanabaena sp.; additionally, from July to August, there was potential for a high concentration of geosmin (maximum 108 ng/L) to occur, because of the presence of Anabaena sp. A 3D hydrodynamic model was coupled with an ecological model to predict cyanobacteria bloom and the presence of taste and odor compounds. Cyanobacteria producing either 2-MIB or geosmin were distinguished to enhance the accuracy of the modeled predictions. The results showed that the simulations of taste and odor compounds spatial distribution and occurrence time were realistic; however, the concentration of geosmin was overestimated when Microcystis sp. was blooming. The model can be used as a management tool to predict the occurrence of algal taste and odor compounds in reservoir systems and to inform decision-making processes concerning dam operation and water treatment.
Introduction
Harmful algal blooms (HABs) are a major environmental problem that tends to occur more frequently than previously worldwide, causing ecological, aesthetic, and health problems [1] [2] [3] . In particular, cyanobacteria blooms may cause serious problems for drinking water supplies by producing metabolites like toxins and taste and odor compounds or by clogging sand filters during the water treatment process. 2-methylisoborneol (2-MIB) and trans-1,10-dimethyl-trans-9-decalol (geosmin) are representative substances causing earthy/musty/moldy taste and odor, and thus, have attracted researchers' attention [4, 5] . Since these compounds can be detected by human noses at very low levels (10 ng/L or below), it is very difficult to predict their occurrence. Moreover, these compounds are difficult to remove by conventional water treatment processes; they can be removed only by advanced treatment processes using oxidation with ozone or activated carbon adsorption, which come at high financial cost [6, 7] .
Many studies have dealt with major cyanobacteria that produce geosmin and 2-MIB. Numerous researchers have showed that Anabaena sp. produces geosmin. Aphanizomenon sp. has been recognized as
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Description of the Study Site
The Namgang Dam is a multipurpose dam for flood control, water supply, etc., located in the Nam River (35 • 15 N, 128 • 23 E), which is a tributary of the Nakdong River. The man-made reservoir formed by the construction of Namgang Dam is called the Jinyang Reservoir. The reservoir's catchment area is 2293 km 2 , its storage capacity is 309.2 × 10 6 m 3 , and its maximum water depth is 20 m. This reservoir is a typical shallow reservoir with an average water depth of 7.5 m and an average annual retention time of 25 days. The Kyeongho River and Duckcheon River are the main inflow streams (Figure 1a) . The catchment area of the Kyeongho River is 1773.2 km 2 , which is about five times larger than the 354.6 km 2 of the Duckcheon River. The Jinyang Reservoir is a very important water intake source for the southwestern part of Gyeongsangnam-do. Drinking water produced using the Namgang Dam as the water intake source is provided to 820,000 people in seven district regions (Si and Gu). As for the quantity of water intake in the Namgang Dam, the Namgang Intake Station (Intake tower 2), located in the area of Duckcheon River inflow, has the largest capacity of 261,000 m 3 /day, followed by 220,000 m 3 /day for the Jinju Intake Station (Intake tower 1) located in the area of Kyeongho River inflow ( Figure 1b ).
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Analysis of Water Quality, Phytoplankton and Taste and Odor Compounds
To analyze the characteristics of algae and taste and odor compounds occurring in the Jinyang Reservoir, this study conducted a field survey from April to November 2016. Water quality and algae were monitored biweekly from June to August, when algae frequently occurred, while other items were surveyed monthly. Water quality was monitored at four sites: the Kyeongho River zone (S1), the front of the dam (S2), the Namgang wide-area water supply intake tower (S3), and the Duckcheon River zone (S4) (Figure 1b) . Water samples were collected from upper, middle, and lower layers at each site and were analyzed. A water quality measurement instrument (Troll 9500 from In-Situ, Fort Collins, CO, USA) was used to measure water temperature, dissolved oxygen (DO), pH, conductivity, and turbidity during sampling. Sterilized water sample bottles were used to carry water samples to 
To analyze the characteristics of algae and taste and odor compounds occurring in the Jinyang Reservoir, this study conducted a field survey from April to November 2016. Water quality and algae were monitored biweekly from June to August, when algae frequently occurred, while other items were surveyed monthly. Water quality was monitored at four sites: the Kyeongho River zone (S1), the front of the dam (S2), the Namgang wide-area water supply intake tower (S3), and the Duckcheon River zone (S4) (Figure 1b) . Water samples were collected from upper, middle, and lower layers at each site and were analyzed. A water quality measurement instrument (Troll 9500 from In-Situ, Fort Collins, CO, USA) was used to measure water temperature, dissolved oxygen (DO), pH, conductivity, and turbidity during sampling. Sterilized water sample bottles were used to carry water samples to the laboratory, where water quality items like organic matter and nutrients were analyzed and physicochemical causes of algae and taste and odor compounds were comparatively analyzed.
Chlorophyll-a (Chl-a), phosphate (PO 4 -P), nitrate (NO 3 -N), ammonium (NH 4 -N), total phosphorus (TP), and total nitrogen (TN) were analyzed based on the standard methods [31] . The number of cyanobacterial cells was immediately fixed by using Lugol's solution (Lugol:formalin = 3:1 (v/v)) and was concentrated by 24-h settlement. After the cells were counted using a Sedgwick-Rafter chamber, the numbers were marked per mL. Geosmin and 2-MIB, which have been recognized as causes of taste and odor compounds, were measured by applying the solid-phase micro-extraction (SPME) gas chromatography mass spectrophotometry (GC/MS) method and using GC (450 GC)/MS (300 MS) (Bruker). Samples were collected every 10 mL and put into vials. Then sodium chloride was added and the samples were analyzed using GC/MS. For quantitative analysis, 112 m/z ions of geosmin and 95 m/z ions of 2-MIB were selected and evaluated.
Moreover, in order to analyze the physical causes of algal bloom and taste and odor compounds at the Namgang Dam, hydrological and meteorological data were collected and relevant properties were analyzed for the study period. Changes in precipitation patterns and air temperature can affect the timing, duration, and intensity of the cyanobacteria bloom and the production of taste and odor compounds. Therefore, we attempted to analyze the physical factors affecting the occurrence of cyanobacteria by comparing historical monthly weather data and that from the study period. Daily operation data of the water resources information system (WRIS) for K-water were used as the hydrological data. For the meteorological data, rainfall, and temperature data from the Jinju Observatory of the Korea Meteorological Administration (KMA) were collected and compared with average measurements over 30 years (1981-2010) [32] .
Model Description
The estuary, lake, and coastal ocean model (ELCOM) is a three-dimensional hydrodynamic model that can be applied to lakes, reservoirs, estuaries, and oceans. ELCOM was developed by the Center for Water Research (CWR) of the University of Western Australia. Coupled with the computational aquatic ecosystem dynamic model (CAEDYM), ELCOM provides three-dimensional numerical analysis results for dynamic modeling of the water quality and ecosystem of a lake or reservoir. The governing equations include momentum equations, a continuity equation, a free-surface equation, and a transfer-diffusion equation. Reynolds-averaged Navier-Stokes (RANS) equations were used. The Boussinesq assumption was applied to apply the characteristics of the fluid and the hydrostatic pressure theory was used for the vertical momentum equation. However, in case the non-hydrostatic pressures are important, a non-hydrostatic code can be used to include a vertical momentum equation [33] .
Momentum equation: x-momentum: 
z-momentum (hydrostatic pressure assumption):
Continuity: ∂u ∂x
Free surface evolution:
Transport of scalars:
where u is x-direction velocity (m/s), v is y-direction velocity (m/s), w is z-direction velocity (m/s), g is gravitational acceleration (9.81 m/s 2 ), η is Reynolds-averaged free-surface height (m), ρ is density (kg/m 3 ), ρ 0 is the reference density (kg/m 3 ), ρ is the density anomaly (kg/m 3 ), v h is turbulent eddy viscosity (m 2 /s), p is pressure (N/m 2 ), f is the Coriolis constant (2 ωsinϕ, ω is angular velocity of the earth around its axis, 7.29 × 10 −5 rad/s, and ϕ is latitude), k v is vertical eddy viscosity (m 2 /s), and k h is horizontal eddy viscosity (m 2 /s). CAEDYM is an aquatic ecosystem model designed to be coupled with various numerical models. One of the remarkable advantages of CAEDYM is that cycles of diverse materials and various algal groups in an aquatic ecosystem can be modeled. In other words, this model can cover both water quality modeling items like various cycles of C, N, P, and Si, the DO cycle, inorganic suspended substances (SS), and ecological modeling items like phytoplankton, zooplankton, and fish. As CAEDYM can simulate seven groups of phytoplankton, it can accurately reproduce the characteristics of algae according to environmental factors. Furthermore, this model can also simulate representative algal-derived taste and odor compounds. In this respect, it seemed very suitable for this study. The governing equation for calculating algal-derived metabolites (X a , mg/L) is as follows [34] :
where f BME A a is the metabolite contribution from mortality and excretion by A a and f MI N X a is the bacterially mediated decay of metabolites defined as:
where IX a is the internal metabolite concentration of A a ( mg/L mgChla/L ), A a is the biomass of the ath phytoplankton group in chlorophyll-a units (mgChla/L), f RES a represents the isolated true respiration losses from the lumped parameterization (including respiration, natural mortality, and excretion), f (S) a is a loss term multiplier used as the respiration response to salinity, and m x is a degradation rate constant for X a (/d). The metabolite concentration within the algal cells, IX a , is considered to be a linear function of the growth rate: where IX a−MI N is the minimum internal metabolite (i.e., when the growth rate is zero) and IX a−MAX is the internal metabolite concentration during maximum production. Figure 1b shows a bathymetry map of the ELCOM model applied to the Namgang Dam, which was the study site. The size of each grid cell was 100 × 100 × 1 m (∆x × ∆y × ∆z) and the total well cells constituted 55,010 grids. The boundary conditions of tributary inflow included the Kyeongho River and Duckcheon River. The boundary conditions of outflow were divided into gate outflow, hydropower outflow, the Jinju intake tower, and the Namgang wide area water supply intake tower. The inflow and outflow of each site were based on the daily data of the WRIS for K-water. For meteorological data, hourly data for temperature, relative humidity, wind direction, wind speed, atmospheric pressure, solar radiation, and cloud cover were provided from the Jinju Observatory of the KMA. For the boundary water quality concentration, 14 constituents were input, including water temperature, dissolved organic carbon (DOC), particulate organic carbon (POC), dissolved organic nitrogen (DON), particulate organic nitrogen (PON), dissolved organic phosphorus (DOP), particulate organic phosphorus (POP), dissolved oxygen (DO), inorganic nutrients (NO 3 -N, NH 4 -N, PO 4 -P), cyanobacteria 1 (causing 2-MIB), cyanobacteria 2 (causing geosmin), and freshwater diatoms. Moreover, TN, TP, and metabolites (2-MIB and geosmin) were additional outputs for modeling. The modeling period was eight months from April to November, 2016. The calculation interval was 60 s.
Configuration and Application of the Model
Assessment of Model Performance
Model performance was assessed using the root-mean-square error (RMSE) and the absolute mean error (AME). These statistics are frequently used to examine the goodness of fit between modeling results and observed values. They are calculated by the following equations:
where n is the number of measured and predicted pairs, O is an observed value, and P is a predicted value. Model performance evaluation were performed for various water quality parameters, DO, nitrate, total organic carbon (TOC), TP, and Chl-a. Finally, we evaluated the fit of the model for taste and odor compounds, 2-MIB, and geosmin.
Results of the Field Survey for Algae and Taste and Odor Compounds
Meteorological and Hydrological Properties
In 2016, the deviation of monthly rainfall was much larger than the climatological normal (over 30 years from 1980 to 2010). From February to April and from September to October, the rainfall amount was larger than the climatological normal, while during the summer season, from June to August, it was far less than the climatological normal (Table 1 ). In particular, the rainfall during August was only 24% of the climatological normal; this was a very unusual pattern. Accordingly, the monthly average inflow was 27.6% in June and 8.5% in August, as compared to the 40-year average value after the construction of the dam. As for temperature, the annual average temperature was 0.7 • C higher than the average. In particular, the average temperature during August was 1.0 • C higher than the climatological normal, which reflected excessively hot weather during that period. Due to such low rainfall, the meteorological and hydrological data for the Namgang Dam in 2016 show a small amount of inflow and outflow. Consequently, as the water body was stable and high water temperatures continued, algae were more likely to grow. (1) Climatological normal (KMA [32] ), (2) Period after dam construction and operation.
Characteristics of Algae and Taste and Odor Compound Occurrence
Total algal population observed during the study period was in the range of 646-22,845 cells/mL and the average population was 4475 cells/mL. There were large deviations depending on seasons and sites ( Figure 2 ). The largest average algal population of 6137 cells/mL (in the range of 867-22,845 cells/mL) was observed at S1, while S4 showed the smallest average population of 3374 cells/mL in the range of 729-7649 cells/mL. In 2016, the algal population showed an overall increasing tendency with the dominance of Synedra sp. and Pseudanabaena sp. in June and Microcystis sp. and Anabaena sp. from July to August. In June, when the algal population showed its highest increase, owing to low rainfall, Synedra sp. and Pseudanabaena sp. were dominant, clogging sand filters and, potentially causing a high concentration of 2-MIB. In August, the dominance of Microcystis sp. and Anabaena sp. led to an increase in harmful cyanobacteria, resulting in frequent algal bloom alerts and potentially high concentrations of geosmin. Synedra sp., which clogged sand filters, was most frequently observed in the middle layer of S1 during the study period. The population of Synedra sp. was 8202 cells/mL. As the population of Synedra sp. decreased, that of Pseudanabaena sp. quickly increased, generating 2-MIB. The largest population of Pseudanabaena sp. was 4257 cells/mL in the middle layer of S1. Microcystis sp. had the largest population of 14,484 cells/mL in the upper layer of S1. The population of Anabaena sp., which produced geosmin, was as large as 4278 cells/mL in the middle of July in the upper layer of S1.
During the survey, the average concentration of chlorophyll-a in the Namgang Dam was 12.4 mg/m 3 in the range of 1.0-32.1 mg/m 3 . There was a slight deviation depending on the season and site, but no significant relevance to algal population was found (Figure 3a) . The average concentration of chlorophyll-a at S1 was 14.6 mg/m 3 (in the range of 2.9-32.1 mg/m 3 ); that at S2 was 12.1 mg/m 3 (in the range of 1.0-30.5 mg/m 3 ); that at S3 was 12.5 mg/m 3 (in the range of 2.7-27.7 mg/m 3 ); and that at S4 was 10.3 mg/m 3 (in the range of 2.2-23.5 mg/m 3 ). S1 showed the highest average concentration, while S4 showed the lowest.
The concentrations of algal-derived taste and odor compounds (2-MIB and geosmin) showed large deviations depending on the season and site. 2-MIB showed the highest concentration of 80 ng/L in the middle layer at S2, and the highest concentration of geosmin was 108 ng/L, which was observed in the upper layer at S4 (Figure 3b) . In other words, 2-MIB had high concentrations in the middle layers in June, while geosmin had the highest concentration in the upper layer in July (Figure 3c ). Generally, geosmin and 2-MIB increased with cyanobacteria ( Figure 4 ). When the concentration of 2-MIB was observed to be as high as 80 ng/L between middle to late June, Pseudanabaena sp. was the dominant cyanobacteria and was identified as the potential cause (Figure 4a ). The highest concentration of geosmin was 108 ng/L; at that time, the dominant species was Microcystis sp., however, the potential cause of taste and odor compounds seemed to be Anabaena sp., which was the subdominant species (Figure 4b ). Tables 2 and 3 present hydraulic and water quality parameters, respectively, along with values applied in the previous studies. Most of the hydraulic and water quality parameters had a similar range of inputs to those of previous studies. CAEDYM can basically model cyanobacteria group 1. However, to distinguish cyanobacteria causing 2-MIB and geosmin in the results of the field survey, this study used CAEDYM to simulate two cyanobacteria groups (CYANO1 and CYANO2). Table 3 shows the parameters used for calibrating the model. This study distinguished CYANO1 and CYANO2. CYANO1 represents Pseudanabaena sp. causing 2-MIB in water while, for CYANO2, Anabaena sp. is the representative species causing geosmin. Other dominant diatoms were modeled as a single group (FDAIT). The major parameters for modeling different cyanobacteria groups were optimum temperature (Topt) and maximum temperature (Tmax). CYANO1 causing 2-MIB was modeled to optimally grow in a lower temperature range than CYANO2. However, according to many field surveys and experimental culture studies, a very wide range of water temperatures affect the growth of Anabana sp. [35] [36] [37] [38] [39] and Psedanabana sp. [40] [41] [42] [43] [44] . Therefore, the applied optimal and maximum temperatures are limited to this study, and it is necessary to improve the model validation by obtaining additional data. Mean albedo for short-wave radiation αSW 0.08 0.08 1) Sources: 1) Chung et al. [45] . Tables 2 and 3 present hydraulic and water quality parameters, respectively, along with values applied in the previous studies. Most of the hydraulic and water quality parameters had a similar range of inputs to those of previous studies. CAEDYM can basically model cyanobacteria group 1. However, to distinguish cyanobacteria causing 2-MIB and geosmin in the results of the field survey, this study used CAEDYM to simulate two cyanobacteria groups (CYANO1 and CYANO2). Table 3 shows the parameters used for calibrating the model. This study distinguished CYANO1 and CYANO2. CYANO1 represents Pseudanabaena sp. causing 2-MIB in water while, for CYANO2, Anabaena sp. is the representative species causing geosmin. Other dominant diatoms were modeled as a single group (FDAIT). The major parameters for modeling different cyanobacteria groups were optimum temperature (T opt ) and maximum temperature (T max ). CYANO1 causing 2-MIB was modeled to optimally grow in a lower temperature range than CYANO2. However, according to many field surveys and experimental culture studies, a very wide range of water temperatures affect the growth of Anabana sp. [35] [36] [37] [38] [39] and Psedanabana sp. [40] [41] [42] [43] [44] . Therefore, the applied optimal and maximum temperatures are limited to this study, and it is necessary to improve the model validation by obtaining additional data. The results of the water quality model calibration are presented by comparing DO, NO 3 -N, TOC, TP, and chlorophyll-a between model estimates and measurements ( Figure 5 ). Most of the evaluation constituents show that the model accurately reproduced the seasonal change of water quality and the spatial distribution of water quality and algal concentrations. The results of DO modeling revealed that the model reproduced very accurately the hypoxic phenomenon, indicating a DO level of 5 mg/L or less, which was observed in the bottom layers of S1-S3. The RMSE for the DO value was 2.5-3.4 mg/L and the AME was 1.9-2.8 mg/L. For NO 3 -N, TOC, and TP, there was not a significant difference in concentration (Table 4) . S4 showed a smaller model error than at other points. The calibration results of chlorophyll-a accurately reproduced the high concentrations in the surface layer in terms of water quality and also provided good reproduction of the spatial characteristics, i.e., that S1 had the greatest algal biomass, while S4 showed the smallest. The RMSE and AME of chlorophyll-a were assessed to be 8.5-13.4 µg/L and 6.3-10.6 µg/L, respectively, both quantities within the error range. The results of the water quality model calibration are presented by comparing DO, NO3-N, TOC, TP, and chlorophyll-a between model estimates and measurements ( Figure 5 ). Most of the evaluation constituents show that the model accurately reproduced the seasonal change of water quality and the spatial distribution of water quality and algal concentrations. The results of DO modeling revealed that the model reproduced very accurately the hypoxic phenomenon, indicating a DO level of 5 mg/L or less, which was observed in the bottom layers of S1-S3. The RMSE for the DO value was 2.5-3.4 mg/L and the AME was 1.9-2.8 mg/L. For NO3-N, TOC, and TP, there was not a significant difference in concentration (Table 4) . S4 showed a smaller model error than at other points. The calibration results of chlorophyll-a accurately reproduced the high concentrations in the surface layer in terms of water quality and also provided good reproduction of the spatial characteristics, i.e., that S1 had the greatest algal biomass, while S4 showed the smallest. The RMSE and AME of chlorophyll-a were assessed to be 8.5-13.4 μg/L and 6.3-10.6 μg/L, respectively, both quantities within the error range. Comparison of predicted and observed dissolved oxygen (DO), nitrate, total organic carbon (TOC), total phosphorus (TP), and Chl-a concentrations at S1 (a-e), S2 (f-j), S3 (k-m), and S4 (n-r). The quantitative model errors calculated are given in Table 4 .
Model Prediction Results for Algae and Taste and Odor Compounds
Model Validation
Water Quality
Algal-Derived Taste and Odor Compounds
The experimental values derived in the previous study were adopted for the parameters related to algal-derived taste and odor compounds. The production of taste and odor compounds was Comparison of predicted and observed dissolved oxygen (DO), nitrate, total organic carbon (TOC), total phosphorus (TP), and Chl-a concentrations at S1 (a-e), S2 (f-j), S3 (k-m), and S4 (n-r). The quantitative model errors calculated are given in Table 4 .
The experimental values derived in the previous study were adopted for the parameters related to algal-derived taste and odor compounds. The production of taste and odor compounds was calculated by using 162 ng/mg algae, which was the result of a culture experiment for the Nakdong River samples in 2015 ( Table 5 ). In that experiment, where mixed algal species were cultured, 2-MIB and geosmin had almost the same average concentration of 5 × 10 −3 ng/cell [50] . While the experimental result was converted into a model parameter, the ratio of carbon to chlorophyll-a was calculated by applying the calibration factor of 40 mgC/mgChl-a (Table 3) . In many studies, the potential for phytoplankton to produce taste and odor compounds have been calculated as varying widely. Watson et al. [13] provided a list of estimated per capita geosmin and 2-MIB production by cyanobacteria under different conditions, and reported that production of geosmin and 2-MIB vary considerably both among and within species. Jüttner and Watson [12] showed that Anabaena lemmermannii produced a total of 150 ng/mg (dry weight) geosmin under phosphorus-limited conditions and 500 ng/mg (dry weight) under phosphorus-rich conditions. Li et al. [51] estimated that the potential for Anabaena spiroides to produce geosmin was approximately 0.1 pg/cell in the Yanghe Lake, China. In Australia, Jones and Korth [52] showed that the production of geosmin by Anabaena sp. was 0.01 pg/cell, which was a very low concentration compared to the figure found by Li et al. Oh et al. [53] reported that Anabaena sp. produced extracellular geosmin at 1-2 pg/cell under different nitrogen concentrations. Wang et al. [42] estimated that production of 2-MIB by Psedanabaena sp. was 100-380 ng/µg Chl-a under variable temperature levels. Therefore, the parameter applied in this study was most similar to the values given in Jüttner and Watson [12] and Oh et al. [53] . When taste and odor compounds as algal metabolites were modeled, the model accurately simulated the overall concentrations of 2-MIB ( Figure 6 ) and geosmin ( Figure 7) . The model simulation showed the highest concentration of 2-MIB for June. This agreed with the observation that 2-MIB had the highest concentration owing to the occurrence of Pseudanabaena sp. in June. Thus, the model appeared to predict the occurrence of 2-MIB. However, the highest concentration of the surface layer tended to be underestimated. The model errors for 2-MIB concentrations included an RMSE of 5.6-24.2 ng/L and an AME of 4.1-11.2 ng/L. S3-4 showed smaller errors than S1-2. The concentration of geosmin was also adequately predicted by the model. However, the model error had a larger range than that of 2-MIB (RMSE 6.6-31.1 ng/L, AME 5.3-13.4 ng/L). In particular, the occurrence of geosmin tended to be overestimated in August, when the water body was stabilized by low rainfall, and thus, Microcystis sp. was dominant. Since Microcystis sp. is not the main cause of geosmin, the model seems to have overestimated geosmin. Although the model predicted the geosmin and 2-MIB concentrations relatively well, its robustness may be limited due to the variability in the geosmin and 2-MIB productions based on specific species [12, 13, [51] [52] [53] and environmental factors such as light, temperature, and nutrients [17, 36, 41, 42, 54] . Depending on the variation of cyanobacteria species and hydrological and meteorological conditions, the concentration of taste and odor compounds can vary greatly. Thus, further study is needed to improve the model accuracy by obtaining additional data. 
Effect of Spatiotemporal Physical-Water Quality Characteristics on the Occurrence of Taste and Odor Compounds
The occurrence of algae and taste and odor compounds at the Jinyang Reservoir was analyzed in a sophisticated manner (physically, physiochemically, and biologically) by utilizing the simulation results of the ELCOM-CAEDYM model. The concentrations of nutrients were greater in the Kyeongho River than in the Duckcheon River. The mouth of the Kyeongho River showed the highest concentration (Figure 8a) , likely because the Kyeongho River has a larger basin area with many nutrients present (e.g., nitrogen, phosphorus); therefore, it is also likely that some zones had a high discharge of point and non-point sources of nutrients. The concentration of chlorophyll-a was high in front of the dam and the area of the Kyeongho River (Figure 8b ). This indicates that influent water of the Kyeongho River, containing sufficient nutrients for algal growth, flows into the Jinyang Reservoir, and that this facilitates the growth of algae. Moreover, as the water body becomes more stable in front of the dam, algae grow excessively. On the other hand, the area including the Namgang Intake Tower (S3) showed better influent water quality than the Kyeongho River. However, S3 had a high frequency of algal growth and high concentrations of taste and odor compounds (Figure 8c ). In particular, although S3 was only 2 km distant from S4, these two points showed remarkably different water quality characteristics. To analyze this phenomenon, hydraulic properties and its relevance to water quality, constituents such as nutrients were examined. Most notably, the nearby area of the Namgang Intake Tower (S3) had the longest retention time from a hydraulic perspective (Figure 8d ). This was because the inflow of the Duckcheon River was only one fifth that of the Kyeongho River, owing to the difference in catchment area. Moreover, no discharge-derived flow was generated for geographical reasons. In other words, although the influent water quality from the Duchcheon River was relatively good, the retention time increased. For this reason, oxygen was depleted in the lower 
The occurrence of algae and taste and odor compounds at the Jinyang Reservoir was analyzed in a sophisticated manner (physically, physiochemically, and biologically) by utilizing the simulation results of the ELCOM-CAEDYM model. The concentrations of nutrients were greater in the Kyeongho River than in the Duckcheon River. The mouth of the Kyeongho River showed the highest concentration (Figure 8a) , likely because the Kyeongho River has a larger basin area with many nutrients present (e.g., nitrogen, phosphorus); therefore, it is also likely that some zones had a high discharge of point and non-point sources of nutrients. The concentration of chlorophyll-a was high in front of the dam and the area of the Kyeongho River (Figure 8b ). This indicates that influent water of the Kyeongho River, containing sufficient nutrients for algal growth, flows into the Jinyang Reservoir, and that this facilitates the growth of algae. Moreover, as the water body becomes more stable in front of the dam, algae grow excessively. On the other hand, the area including the Namgang Intake Tower (S3) showed better influent water quality than the Kyeongho River. However, S3 had a high frequency of algal growth and high concentrations of taste and odor compounds (Figure 8c ). In particular, although S3 was only 2 km distant from S4, these two points showed remarkably different water quality characteristics. To analyze this phenomenon, hydraulic properties and its relevance to water quality, constituents such as nutrients were examined. Most notably, the nearby area of the Namgang Intake Tower (S3) had the longest retention time from a hydraulic perspective (Figure 8d ). This was because the inflow of the Duckcheon River was only one fifth that of the Kyeongho River, owing to the difference in catchment area. Moreover, no discharge-derived flow was generated for geographical reasons. In other words, although the influent water quality from the Duchcheon River was relatively good, the retention time increased. For this reason, oxygen was depleted in the lower layer and algae occurred in the upper layer. Note, video for spatial and temporal distribution of water quality and taste and odor compounds in the Jinyang Reservoir was provided as supplementary material. In particular, as was the case during the summer season (June to August) of 2016, if rainfall is low, water depth decreases and the water body continues to be stable; thermal stratification intensifies, preventing water layers from mixing. Consequently, oxygen is quickly depleted in the lower layer and the increasing water temperature results in an increased algal population. During this stagnant period, the amount of inflow from the Duckcheon River was low, and the high concentration of nutrients in the main stream of the Kyeongho River diffused into the intake tower In particular, as was the case during the summer season (June to August) of 2016, if rainfall is low, water depth decreases and the water body continues to be stable; thermal stratification intensifies, preventing water layers from mixing. Consequently, oxygen is quickly depleted in the lower layer and the increasing water temperature results in an increased algal population. During this stagnant period, the amount of inflow from the Duckcheon River was low, and the high concentration of nutrients in the main stream of the Kyeongho River diffused into the intake tower area (Figure 8a) . Hence, in a complicated way, this phenomenon appears to have facilitated the occurrence of algae and taste and odor compounds in the vicinity of the intake tower.
The results of a vertical water quality simulation were analyzed to examine the impact of prolonged retention time on DO depletion of the lower layer and algae growth in the area of the Namgang Dam Intake Tower (Figure 9 ). The result for other sites (S1, S3, S4) are reported in Figures S1-S3 as supplementary documents. When the amount of inflow and the water depth decreased in June and August, the retention time drastically increased and, significantly, increased more rapidly in the lower layer than in the upper layer (Figure 9a ). The simulation accurately reproduced the phenomenon of drastically depleted DO in the lower layer during the period (Figure 9b ). In addition, the model accurately predicted the period during which rainfall water depth increased, retention time decreased, and DO levels recovered. Figure 9c reveals that an increased retention time is closely related to times of algal growth. When the water body was stabilized due to increased retention time in June and from the middle of July to early August, the concentration of chlorophyll-a was high in the surface layer, and these periods coincided with the occurrence of geosmin and 2-MIB. Consequently, the Jinyang Reservoir as a shallow lake showed a large variation of water quality both temporally and spatially under the influence of hydrological factors (rainfall, inflow, outflow, etc.). When the water body was stabilized owing to low rainfall, high concentrations of algae and taste and odor compounds occurred, and the lower layer showed oxygen depletion. area (Figure 8a) . Hence, in a complicated way, this phenomenon appears to have facilitated the occurrence of algae and taste and odor compounds in the vicinity of the intake tower. The results of a vertical water quality simulation were analyzed to examine the impact of prolonged retention time on DO depletion of the lower layer and algae growth in the area of the Namgang Dam Intake Tower (Figure 9 ). The result for other sites (S1, S3, S4) are reported in Figures  S1-S3 as supplementary documents. When the amount of inflow and the water depth decreased in June and August, the retention time drastically increased and, significantly, increased more rapidly in the lower layer than in the upper layer (Figure 9a ). The simulation accurately reproduced the phenomenon of drastically depleted DO in the lower layer during the period (Figure 9b ). In addition, the model accurately predicted the period during which rainfall water depth increased, retention time decreased, and DO levels recovered. Figure 9c reveals that an increased retention time is closely related to times of algal growth. When the water body was stabilized due to increased retention time in June and from the middle of July to early August, the concentration of chlorophyll-a was high in the surface layer, and these periods coincided with the occurrence of geosmin and 2-MIB. Consequently, the Jinyang Reservoir as a shallow lake showed a large variation of water quality both temporally and spatially under the influence of hydrological factors (rainfall, inflow, outflow, etc.). When the water body was stabilized owing to low rainfall, high concentrations of algae and taste and odor compounds occurred, and the lower layer showed oxygen depletion. 
Conclusions
This study attempted to establish a technique for predicting the occurrence of algae and algalderived taste and odor compounds using a three-dimensional model that could reflect the complex physical properties of a shallow reservoir. The technique thus secured was intended to be utilized for 
This study attempted to establish a technique for predicting the occurrence of algae and algal-derived taste and odor compounds using a three-dimensional model that could reflect the complex physical properties of a shallow reservoir. The technique thus secured was intended to be utilized for dam operation and water treatment processes. A field survey was conducted and data were collected in order to identify spatiotemporal characteristics of water quality, algae, and taste and odor compounds and related causes. The ELCOM-CAEDYM model, a three-dimensional hydraulic and ecological model, was applied for simulation.
The occurrence of algae and taste and odor compounds was closely related to the hydrological and hydraulic characteristics of the Jinyang Reservoir. From June to August, when rainfall was low and the amount of inflow and outflow decreased remarkably, algal biomass increased. This period agreed with the time when the taste and odor compounds occurred. As for the taste and odor compounds, 2-MIB had its highest concentration of 80 ng/L in late June, and geosmin showed its highest concentration of 108 ng/L in the middle of July. In June, a high-concentration of 2-MIB occurred, owing to the appearance of Pseudanabaena sp., which is a cyanobacterium. From July to August, a high-concentration of geosmin occurred because of Anabaena sp., which resulted in problems in the water treatment process.
The coupled model of ELCOM and CAEDYM was applied to the Jinyang Reservoir in order to predict taste and odor compounds. Cyanobacteria groups producing either 2-MIB or geosmin were distinguished to enhance the accuracy of the model's predictions. The simulation showed that the spatial distribution and occurrence time of 2-MIB and geosmin were predicted relatively well. The model errors for 2-MIB concentrations included an RMSE of 5.6-24.2 ng/L and an AME of 4.1-11.2 ng/L; for geosmin, those values were an RMSE of 6.6-31.1 ng/L and an AME of 5.3-13.4 ng/L. However, the concentration of geosmin was overestimated for the period during which Microcystis sp. bloomed. Although the model predicted taste and odor compounds realistically for the Jinyang Reservoir in 2016, its robustness may be limited due to the variability in the unitary taste and odor compound productions based on specific species and environmental conditions [12, 13, 41, 42, [51] [52] [53] [54] ; the model also clusters cyanobacteria into two groups for taste and odor compound prediction, however, each species within each group could have different taste and odor compound productions and each species could bloom under very specific conditions [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , which the model cannot account for. Hence, future work will need to look at collecting more data and enhancing model functionalities in order to partially overcome such limitations and improve the model accuracy when applied to a new dataset with different input conditions. When the impact of physical properties and water quality distribution on the occurrence of taste and odor compounds in the Jinyang Reservoir was analyzed, the nearby area of the Namgang wide area water supply intake tower showed the longest retention time for geographical and hydraulic reasons. Accordingly, despite relatively good influent water quality from the upper region, algae and taste and odor compounds occurred in high concentrations. The decrease in inflow and outflow, owing to low rainfall, not only had an immediate effect on the physical environment of the Jinyang Reservoir, but also played an important role in direct and indirect processes related to the occurrence of algae and taste and odor compounds, and the depletion of oxygen in the lower layer. 
